We show that the power law part of the quiescent x-ray emissions of neutron stars in low mass x-ray binaries is magnetospheric in origin. It can be very accurately calculated from rates of spin and the ∼ 10 3−4 times brighter luminosity at the transition to the hard spectral state. We establish that the spectral state transition for neutron stars is a magnetospheric propeller effect. We test the hypothesis that the similar spectral state switches and quiescent power law emissions of the black hole candidates might be magnetospheric effects. In the process we derive proposed magnetic moments and rates of spin for them and accurately predict their quiescent luminosities. We discuss other tests of the hypothesis and consider some attractive aspects of a unified magnetospheric model for low mass x-ray binaries. We also consider some of the changes that would be needed for strong-field gravity theories to accomodate intrinsic magnetic moments in collapsed objects.
INTRODUCTION
The spectral and timing similarities of neutron stars (NS) and black hole candidates (BHC) in low mass xray binary systems (LMXB) are well known (e.g., Tanaka & Shibazaki 1996) and, perhaps, not too surprising since both are in gravitational potential wells of similar depth. On the other hand, even the weakly magnetic (∼ 10 8 G) atoll class NS produce significant magnetic stresses on accreting plasma. At the co-rotation radius (where the Keplerian orbit frequency matches the magnetosphere spin rate) the magnetic pressure is ∼ 10 7 bar. When the inner radius of the accretion disk retreats beyond the corotation radius, the magnetosphere acts as a propeller, cutting off the flow to the NS surface. This causes a spectral state transition as surface impacts and soft surface thermal emissions abate (Campana et al. 1998 , Zhang, Yu & Zhang, 1998 , Cui 1997 , Stella, White & Rosner 1986 . The magnetic propeller effect has been invoked (Menou et al. 1999) to explain how an advective accretion flow (ADAF) (Narayan, Garcia & McClintock 1997 ) might be made compatible with the low levels observed for quiescent NS luminosity.
Since black holes cannot possess magnetic moments, there is no agreement on the mechanism that produces the similar spectral state switches of BHC. Lacking a propeller effect, their quiescent emissions are thought to arise from an ADAF in which a hot, optically thin, plasma of low x-ray luminosity flows through the event horizon of a black hole. It is widely believed that a similar ADAF for NS is stopped by the propeller effect, otherwise a typical ADAF mass flow rate of 5 × 10 15 g/s would produce a very non-quiescent luminosity of ∼ 7 × 10 35 erg/s upon reaching the surface of a NS. But such a flow rate would at least reach the light cylinder radius of ∼ 100 km for an atoll spinning at 500 Hz. It would also have to be a predominantly equatorial flow, as the magnetosphere cannot stop a polar inflow. If predominantly equatorial, the magnetosphere shape should confine it sufficiently to produce an optically thick magnetospheric boundary layer. Such a boundary layer would then radiate ∼ 5 × 10 34 erg/s, which is between one and two orders of magnitude larger than observed quiescent luminosities of NS.
Since it seems that the ADAF model might not be quantitatively applicable to quiescent NS, we consider an alternative model. We will show that we can very accurately account for their quiescent power law emissions by considering them to be magnetospherically driven. Since it seems unlikely that the similar quiescent power law emissions of NS and BHC arise in different ways, it then seems that we must consider the possibility that BHC have magnetic moments. We find that both NS and BHC properties are compatible with a unified magnetospheric model that encompasses a very broad range of LMXB characteristics.
ANALYSIS
Quiescent x-ray emissions of NS show soft surface thermal and power law components of roughly the same luminosity (Rutledge et al. 2001 ). As we are not accounting for surface thermal emissions, factor of two disagreements between measured and calculated quiescent luminosities would be acceptable; indeed even larger variances could occur as a result of the stochastic nature of the magnetospheric emissions. As this is being written, no soft emissions have been reported for BHC. Garcia et al. (2001) report that their quiescent emissions are consistent with single power laws. We shall assume that the power law emissions are magnetospheric for both NS and BHC. These emissions can be calculated as pulsar spin-down luminosities using Becker & Trümper's (1997) correlation of x-ray luminosity with rotational enery loss rate,Ė = Iωω. Here I is the moment of inertia of the star and ω its angular (Fox, D. et al. 2000) , b GRS 1915+105 Q ≈ 20 QPO was stable for six months and a factor of five luminosity change. Observed quiescent luminosities are from Garcia et al. (2001) . Observed spins as reported by Strohmayer (2000) . Other table entries are described in the text and appendix.
speed. Becker & Trümper found the x-ray luminosity to be 10 −3 × 10 45 ωω erg/s, where ω is the angular speed and the moment of inertia was assumed to be 10 45 g cm 3 . Assuming that the energy derives from the magnetic torque on an axially aligned rotating magnetic dipole, (Bhattacharya & Srinivasan 1995) the quiescent x-ray luminosity would then be given by :
Here we have taken the magnetic moment to be µ 27 × 10
27
G cm 3 , the spin frequency to be 100 × ν 2 Hz, the mass of the star as m in M ⊙ , and the radius as 10 6 × R 6 cm. We have taken the moment of inertia to be I = 2M R 2 /5 and I 45 = 10 −45 I. We assume that accretion flow takes place in a geometrically thin, optically thick accretion disk. Except in quiescence, the inner disk radius is assumed to be the same as the magnetospheric radius, r m . This radius is determined within small numerical factors by equating the impact pressure of the accretion flow to the magnetic pressure of the magnetosphere. By requiring radii to be comparable to those determined by Ghosh & Lamb (1992) we obtain:
whereṁ 15 is the mass accretion rate in units of 10 15 g/s. The normalization constant, 82 km, is approximate, but of little consequence for the calculations undertaken here as error factors of a few may be absorbed in the determinations of µ 27 .
The spectral state switch takes place when the disk inner radius matches the co-rotation radius, r c . This can be expressed in terms of the Keplerian orbit frequency, which is also the spin rate of the star, as:
The light cylinder radius is given by r lc = (480km)/ν 2 . When the disk inner radius lies inside the light cylinder, we assume that the disk luminosity is given by L = GMṁ/(2r m ), corresponding to conversion of half the accretion potential energy to luminosity via viscous dissipation. This cannot be entirely accurate as some energy extracted from the rotation of the central object drives the propeller outflow and may contribute to the luminosity. When all of the accreting matter actually strikes the star, we take the luminosity to be L = ηṁc 2 where η is the efficiency of conversion of mass-energy to luminosity, to be determined from models of gravitating objects in strong-field limits. Three additional characteristic luminosity levels (Campana et al. 1998 ) are used here. L min corresponds to the accretion disk having penetrated sufficiently inside the co-rotation radius to allow essentially all of the accreting matter to reach the central object. At this point spectral softening ends. L c is the luminosity when the disk inner radius is only a little beyond the co-rotation radius, the propeller reverses the inflow and a hard spectrum is produced. L q,max is the luminosity with disk radius at the light cylinder. These characteristic luminosities are given by:
For NS we shall assume that m = 1.4, R 6 = 1.5 and η = 0.14 unless otherwise noted. For BHC we have used literature values for mass.
As the magnetic moment, µ 27 , enters each of Equations 1, 4, 5, 6, it can be eliminated from ratios of these luminosities, leaving relations involving only masses and spins.
With mass values given, the ratios then yield the spins. Here we will use Equation 5 to find µ 27 , after which Equation (1) yields L q . Alternatively, if the spin is known from burst oscillations, pulses or spectral fit determinations of r c , one only needs one measured luminosity to enable calculation of the remaining µ 27 and L q .
CALCULATIONS
Observational data and calculations leading to luminosities shown in Table 1 are detailed in the appendix.
Neutron StarsSax J1808.4-3658 is the only NS LMXB to show x-ray pulses. Observed spins of five other NS were determined from burst oscillations (Strohmayer 2000) . For Aql X-1, 4U 1608-52, and Sax J1808.4-3658, the values of spin and L c were used to calculate the values of µ 27 shown in Table  1 . Spins and magnetic moments were then used to obtain their calculated quiescent luminosities. The agreement is very good.
An important step in this analysis consists of establishing the validity of the use of luminosity ratios to determine both spins and magnetic moments. For each of the first three NS of Table 1 , we have used the ratio L min /L c to determine spins shown as calculated values in the table. All agree with observed values within 20%. We used these spins and observed L c to re-evaluate µ 27 and then recalculated values of log(L q ) of 32.5, 33.5, and 32.4, respectively, for the three NS. Compensating shifts of calculated magnetic moments leave the calculated quiescent luminosities virtually unchanged. For later reference, we calculate L q,max = 1.5 × 10 33 erg/s for Aql X-1 and 9 × 10 32 erg/s for Sax J1808.4-3658.
As no burst oscillations have yet been reported for Cen X-4, we used the ratio L min /L q = 4 to obtain a spin of 428 Hz and magnetic moment µ 27 = 1.08. The quiescent luminosity is 6 × 10 32 erg/s (log(L q ) = 32.8), compared to 2.5 × 10 32 erg/s (log(L q ) = 32.4) observed. The excellent agreement between luminosities calculated via the ratio method and those observed for four NS is striking, especially when one considers that the calculated values were based on information obtained from luminosities that were more than 10 3 larger. This substantially validates the hypotheses that the spectral state switch for NS is a magnetospheric effect and that magnetospheric spin-down accounts for the bulk of the quiescent luminosity.
Quiescent luminosities for KS 1731-26, 4U 1916-053 and 4U 1730-335 were determined using observed spins and values of L c or L min estimated at the endponts of the spectral state transitions. Their calculated quiescent luminosities are included here as predicted values.
Two entries have been included for Cir X-1. Both have been corrected for a distance of 5.5 kpc rather than the 8 kpc originally reported (Dower, Bradt & Morgan 1982) . This also brings its magnetic field (B = µR −3 ) into agreement with a value of ∼ 4 × 10 10 G based (Iaria et al. 2001 ) on an accretion disk inner radius that was obtained from fitting spectral data. Cir X-1 is, in many respects, the NS that behaves most like a BHC. It was thought to be a BHC for a long time, until it displayed Type 1 bursts. It has been clearly identified as a Z source (Shirey, Bradt & Levine 1999) . It seems to have a spin and magnetic moment more like those of the BHCs shown further down in Table 1 . The lower spin rate is commensurate with its 'khz' QPOs, which have an onset around 20 Hz. The BHC properties that Cir X-1 seems to possess may simply be due to a stronger magnetic field, but it seems plausible that it may also have the larger mass of a BHC. It is of interest, that only its magnetic moment changes significantly if we suppose it to have different mass. This is also the case for the BHC.
Black Hole CandidatesFor the BHC, we have three unknown parameters, µ 27 , η, and R 6 to determine. We use estimates of the inner disk radius at co-rotation and Equation 3 to determine the spin frequencies. We use Equation 5 to obtain µ 27 and then Equation 4 to evaluate η. For GRS 1124-68, GS 2023+338, XTE J1550-564 and GS2000+25, inner disk radii obtained from spectral fits (see appendix) are 400 km, 224 km, 228 km and 500 km, respectively. The corresponding values of ν 2 and µ 27 are shown in Table 1 . For the first three objects, for which reliable values of L min have been found, the values of η were, 0.34, 0.48 and 0.49, respectively. For the remainder of this work we shall use η = 0.4 as our best guess. We note that this choice is consistent with interpreting the 'ultrasoft' radiations of the BHC as redshifted surface radiations. If z is the redshift, it is given by z = η/(1 − η) = 0.7, for η = 0.4. The surface thermal emissions would then be shifted to 1.7X lower than rest frame energies and they would appear unusually soft.
At this point, we must also estimate the radii of BHC before we can calculate the quiescent luminosity. This choice must be consistent with our choice of η. In metric gravity theories, η = 1− √ g tt , where g tt is the time component of the spacetime metric. In standard Schwarzschild coordinates, g tt = (1 − 2GM/c 2 R). For η = 0.4, the radius of a 7 M ⊙ object would be 32 km. In an isotropic Schwarzschild metric, however, R = 11 km would result. Since the applicability of either number is in question, we will take R = 20 km for use here. With this choice, a change of 50% either way will not materially change our calculated quiescent luminosities.
Using R 6 = 2.0 in Equation 1, we calculate the quiescent luminosities of GRS 1124-68, GS 2023+338, XTE J1550-564 and GS 2000+25 shown in Table 1 . We use the ratio method with η = 0.4 and R 6 = 2 to obtain quiescent luminosities for GRO J1655-40 and A0620-00. For the five for which comparisons can be made, the agreement with observed values is excellent. The remaining entries in the table, which lack observed values for comparison are to be understood as predictions. If we use the ratio method for XTE J1550-564 rather than the spectrum fit value for r c , we would find log(L q ) = 32.1 for η = 0.4. An estimated co-rotation radius of 400 km was used to determine the spin for Cygnus X-1 (see appendix). We identify a QPO frequency of GRS 1915+105 as its spin frequency. We predict values of L min to be 1.6 × 10 38 erg/s for GRS 1915+105 and 6.4 × 10 38 erg/s for Cyg X-1.
DISCUSSION
The luminosity at the arrest of decline in the light curves of Aql X-1 (Campana et al. 1998 , Fig. 1 ) and Sax J1808. 4-3658 (Gilfanov et al. 1998 ) near the end of an outburst is a factor of 5 higher than the final quiescent luminosity. The luminosity at the arrest agrees within 25% of L q,max calculated from the spins and magnetic moments obtained from spectral state switches. Similar factors of 5 to 10 are found for BHC. This indicates that the accretion disk inner radius continues to expand beyond the light cylinder. If the inner disk remains optically thick, as little as ∼ 10 30 erg/s emanating from the central star would be capable of heating the inner disk to the instability point and/or ablating it for disk radii less than ∼ 10 5 km. For NS, it seems clear that the quiescent inner disk must be essentially empty to this radius. Even if the flow in the inner disk is an ADAF, the flow rate would be so low that it could contribute little to the luminosity. It would also be most peculiar for the ADAF luminosity to depend, as we have shown, on the spin and magnetic moment of the NS. It is difficult to accept that high flow rate ADAFs exist for BHC, but not for NS. A more circumspect view is that the similar behaviors of BHC are due to similar magnetospheric causes.
The picture of LMXB that emerges from this work is that of magnetized central stars surrounded by accretion disks that have inner radii dictated either by stability considerations in quiescence or magnetic stresses at much higher luminosities. Only at very high accretion rates does the disk push in to the marginally stable orbit. Since many spectral and timing characteristics observed for BHC and NS fit well within this broad picture, we consider a few of them. These considerations have gained impetus from the recent discoveries of hard spectral tails for NS extending beyond 200 keV (Di Salvo et al. 2001) . This removes the last of the qualitative spectral differences thought to differentiate NS and BHC.
Cyg X-1 is a persistent source that is usually found in a low, hard state, but occasionally enters a high, soft state with only a factor of 2 or 3 change of bolometric luminosity. With the inner disk radius at ∼ 400 km in the hard state, the disk efficiency (GM/2c 2 r) is 0.018, compared to the 0.4 efficiency for accretion to the surface. Hard disk and ultrasoft surface radiations can contribute equally to the luminosity if only 0.045 of the accreting matter actually crosses the co-rotation radius. Thus a spectral state change can occur for very little change of accretion rate and small change of overall luminosity. Clearly one cannot take the ratio of luminosities here as an indicator of spin. Only if there is some broader measure of spectral hardness that can be measured over the entire interval from L c to L min can reliable results be obtained. Since a substantial increase of radiation pressure on the inner disk results from small change of accretion rate, it appears that Cyg X-1 usually stays relatively well balanced in a relatively low state. If the accretion rate is highly variable with the inner disk near co-rotation oscillations can result.
Pulsars such as V0332+53, atoll NS, and BHC all exhibit flickering in low states. This has a natural explanation as Rayleigh-Taylor instability shot leakage across the magnetopause. The larger amplitude flickering for BHC and pulsars with large magnetic moments is a result of infall from larger radii. Long time lags at low Fourier frequencies (Nowak et al. 1999 ) imply very slow propagation speeds (< 0.01c) for the luminous plasma disturbances. Such slow speeds are to be expected for plasma in a magnetosphere. When well below the Eddington limit, BHC are much like the atoll NS examined here. One of the reasons for this is that the magnetic stresses at the co-rotation radius are of the same order ∼ 10 7 bar for both. Z class NS have only slightly larger co-rotation radii, but have magnetic fields about 10X larger. The magnetic stresses at their corotation radii are much larger, ∼ 10 8−9 bar. Acretion rates near the Eddington limit are needed to push the magnetopause inside the co-rotation radius. An optically thick boundary layer eventually blankets the magnetosphere and obscures the radiation from the star. In this way the luminosity can decline while the accretion rate actually increases, producing the familiar 'Z' track in the hardness vs. luminosity diagram. The track is also seen in color-color diagrams. Portions of such tracks are occasionally seen in BHC such as GX 339-4 (Miyamoto et al. 1991) or GS 2023+338) (Życki, Done & Smith 1999a , 1999b . Typical normal branch oscillations ∼ 4 − 10 Hz are observed for them. In addition to Z sources being infrequent bursters that have shown no burst oscillations, we have generally omitted Z sources in this work because the radiation pressure materially affects the inner disk in the spectral switch region and changes the manner in which radius scales with accretion rate.
A superluminal jet was produced by GRS 1915+105 contemporaneous with the oscillations described for it in the appendix. Chou & Tajima (1999) devised a promising model for such pulsed ejections in which a poloidal magnetic field of unknown origin is wound up by the inner disk until the field lines break, reconnect and eject the inner disk, etc. In their model, they artificially stopped the flow through the event horizon using a pressure of unspecified origin.
One obvious consequence of the magnetospheric model is that the observed spectrum is expected to be dependent on inclination viewing angle. Low inclination views of high states should be similar to blazars. We suggest that such a view is the reason both Sax J1808.4-3658 and GS 2023+338 never displayed soft spectral components, although in both cases we have reason to believe that accreting matter struck the star.
In our analyses here, we have generally used luminosities obtained in the declining phase of outbursts. There may be some hysteresis in luminosities of the spectral state transitions of rising and declining phases. This sometimes appears in temporal shifting of the position of Z tracks in hardness vs. luminosity diagrams. Factors of two changes in luminosity for the tracks over weeks are relatively common. Such behavior may be due to screening of the magnetic fields by accumulations of accreted matter on the surface. If the field weakens, it would permit matter to go deeper into the gravitational well and thus change the luminosity at which some phenomena such as QPO are observed. It should be noted that the inner disk radius and the point of disengagement of disk and magnetosphere would be natural boundaries for the generation of luminosity variations. Keplerian orbit frequencies such as as those at the light cylinder, are some 50 times higher for NS than for BHC. This is in the range of frequency ratios for some of the similar lower frequency QPO of NS and BHC.
The hypothesis that BHC possess magnetic fields is easily tested. Searches should be undertaken for coherent pulses in the vicinity of the calculated spin frequencies of Table 1 . Unusual BHC burst events should be examined for burst oscillations. It might also be possible to find cyclotron resonance features in the range 0.01 -0.1 keV in the spectra of the BHC. Dynamic mass determinations for Cir X-1 and XTE J1550-564 are definitely needed. The properties of XTE J1550-564 and Cir X-1, including their high frequency QPOs, are strikingly similar. It is highly unlikely that Cir X-1 possesses a magnetic field while XTE J1550-564 does not. If XTE J1550-564 possesses a similar magnetic field, it should display a 'Z' track in a color-color diagram like that of Cir X-1. Though not shown in Table  1 , the onset of 'khz' QPO for NS usually occurs at frequencies within ∼ 50% of the spin frequency. This would seem to confirm the spin frequencies found here for Cir X-1 and XTE J1550-564. In addition there will be many other ways to test the hypothesis using other sources.
CONCLUSIONS
We have shown that the luminosities of the spectral state switches of NS in LMXB can be used to accurately predict luminosities that are ∼ 10 3−4 fainter at the light cylinder and in quiescence. The magnetospheric model on which these calculations rely depends strongly (µ 2 ν 4 ) on magnetic moment and spin of the NS and is therefore incompatible with ADAF models. This significantly sharpens the question of how BHC produce their quiescent spectra. We have shown that their quiescent luminosities can be accurately calculated for the magnetospheric model from spectral state switch luminosities that are ∼ 10 4 brighter. A reasonably consistent set of BHC magnetic moments and spins has been found for a set of 8 BHC and Cir X-1. We have included predictions and suggested tests of our model. We expect that all BHC and NS properties can eventually be understood in terms of a unified magnetospheric model. If it is conclusively shown that BHC have magnetic moments, General Relativity will need alterations that eliminate event horizons, as it is the horizon that disconnects external magnetic fields from currents in the interior that could generate them. In order to accommodate intrinsic magnetic moments we haved developed (Leiter & Robertson 2001) a new bi-metric form of general relativity. This theory is based on a physical paradigm that requires the operational procedures of local measurements in general frames of reference to be defined in a manner similar to that for local measurements in inertial special relativistic frames of reference. In addition to passing all of the standard weak-field tests, our theory predicts that gravitationally collapsed objects have no event horizons and may possess magnetic dipole moments. erg/s and complete cessation of the rapid decline at about 1.2 × 10 33 erg/s, which we identify as L q,max . 4U1608-52 : Spectral hardening began in decline at L min = 10 37 erg/s (Mitsuda et al. 1989) . We take L c = 2.9 × 10 36 for the March 1990 hard spectral state (Yoshida et al. 1993) . Garcia et al. (2001) have reported a quiescent luminosity of L q = 2 × 10 33 erg/s. Sax J1808.4-3658 displayed a light curve very similar to Aql X-1. (Gilfanov et al. 1998 , Heindl & Smith 1998 ). It reached a luminosity level of 5 × 10 36 erg/s, declined slowly to about 1.5 × 10 36 erg/s and then declined rapidly with a brief arrest at 4 × 10 35 erg/s before slowing dramatically near 10 33 erg/s. Between the start of rapid decline and the brief arrest, 401 Hz pulsations changed from 4% rms to undetectable, thus indicating that surface impacts ceased. We identify the luminosities at the start of rapid decline and brief arrest as L min and L c . The luminosity at the end of rapid decline is L q,max .
4U 1730 -335 :Campana et al. (1998 report L c = 10 37 erg/s at the start of spectral hardening. Fox et al. (2000) have found a burst oscillation frequency of 307 Hz.
Cen X-4 : For Cen X-4, the values of L min and L c shown in Table 1 were estimated from the start of rapid decline on May 23, 1979 and the arrest of decline of the light curve on May 28, 1979 (Kaluzienski, Holt & Swank 1980) .
KS 1731-26
We take the reported hard state luminosity (Sunyaev 1990) to be L c = 1.8 × 10 36 erg/s. 4U 1916 4U -053 : Boirin et al. (2000 report L c = 3 × 10 36 erg/s. Cir X-1 : Neither spin rate nor mass are available for the enigmatic Cir X-1. L min = 6.3 × 10 38 erg/s and L c = 3 × 10 37 erg/s can be determined from observations just before and two hours after a spectral hardening transition on Sept 20-21, 1977 (Dower, Bradt & E Morgan 1982) . GRS 1124-68 Misra & Melia (1997) showed that its inner disk radius increased to about 27R s (here R s = 2GM/c 2 , 400 km for 5 M ⊙ ) after the spectral state transition. Ebisawa, et al (1994) give a luminosity of L c = 6.6 × 10 36 erg/s for the low state for the period June 13 -July 23, 1991. L min = 2.4 × 10 38 erg/s is the average of the period March 10 -April 2, 1991. The assumption of r c = 400 km yields ν S = 16 Hz.
GS 2023 + 338 never displayed an ultrasoft spectral component, but on May 30, 1989 it changed luminosity by a factor of 21 in 10 s, from 10 39 erg/s to 4.8 × 10 37 erg/s (Tanaka & Lewin 1995) . We take these luminosities to be L min and L c , respectively. From spectral analysisŻycki, Done and Smith (1997) found r in = 25R G (here R G = GM/c 2 , 263 km for 7M ⊙ ) and 35R G (368 km), respectively, for June 20, 1989 and July 19-20, 1989 . Luminosities (0.1 -300 keV) for these dates based on spectra of Tanaka (1992) are 1.9 × 10 37 erg/s and 6.3 × 10 36 erg/s, respectively. The radii scaled as L −2/9 yield values of the co-rotation radius of 214 km and 234 km. We take the mean of 224 km as the co-rotation radius
